Radiation hormesis/Radiation injury/Low dose irradiation/Radioresistance/Bone marrow death Low doses (2.5-15 cGy) of X-irradiation two months prior to a second exposure to a sublethal dose enhanced the survival rate in mice. Optimal and significant increase was observed with 5-10 cGy. Endogenous spleen colony counts (endo-CFUs) after 7 Gy increased by a factor of about 1.7 in mice pre-irradiated with 5-10 cGy, while the number of blood forming stem cells (CFUs) in the pre-irradiated group did not exceed that in the sham-irradiated control group at the period of the second exposure (two months after irradiation with 5 cGy). The low dose exposure seems to stimulate recovery of blood forming stem cells after the second irradiation and favors a decrease in the incidence of bone marrow death.
INTRODUCTION
Acquired radioresistance after exposure to a small dose of ionizing radiation in yeast and rats was described by Maisin et al." . In their report, however, the radioresistance in rats was not statistically significant. We examined the effect of low dose X-irradiation on 30-day survival rate after second, sublethal irradiation using mice. The effect of low dose pre-irradiation on CFUs (colony forming unit in spleen) and endogenous spleen colonies (endo-CFUs) were examined to elucidate acquired radioresistance.
MATERIALS AND METHODS

Animals
Specific pathogen free 4 week old male mice of ICR strain, purchased from Charles River Japan Inc. at 4 week old, were kept in a clean-conventional environment. They were housed ten to a cage at 24±1°C and 60±10% relative humidity, and given nutritional chow (NMF, Oriental Yeast Industries Co. Ltd.) and water ad libitum. Acidic drinking water (pH 3 with HC1) was given through automatic valves to the mice to prevent contamination with Pseudomonas bacteria. The animals were maintained on a 7 AM-7 PM light-dark cycle, and were acclimated to laboratory conditions for 2 weeks before use.
Irradiation
The mice were whole body irradiated by X-rays (260 kV, 15.5 mA, 0.3 mm Cu+0.5 mm Al filter, HVL 0.87 mm Cu) with an X-ray machine (Radioflex 350, Rigaku Denki Co. Ltd., Japan). The dose rate was 50 cGy/min.
Survival studies
When 6 weeks old, each group of mice was exposed to a low dose (2.5, 5.0, 10 or 15 cGy). In one group the exposure was 5 cGy three times at weekly intervals. Sham irradiated mice served as controls. For all experiments, controls were run concurrently with the pre-irradiated groups. After 2 months they were again exposed to a high dose, 7.75 Gy, and 30-day survival rates were examined. About sixty animals were used for one experimental group, seventy for the control group. The difference within the survival rates were examined statistically by the Chi-square test applying Yates' correction. Induction of radioresistance in mice by pre-low dose irradiation was repeatedly examined.
Endogenous spleen colony (Endo-CFUs) assay Mice were exposed to 7.0 Gy 2 months after irradiation with low doses (sham-irradiated control, 2.5, 5.0 or 10 cGy) at 6 weeks of age. Forty animals were used per group . Nine days later, the spleens were fixed in Bouin's solution, and the number of nodules on the spleens was counted as 9-day endogenous CFUs (average±SE).
Assay for blood forming stem cells (CFUs)
Blood forming stem cells were assayed as CFUs using the method of Till and McCulloch2)
.
Five mice of both groups were housed in the same cage in this experiment. Forty five animals were used per group as cell donors. Right femoral bone marrow cells were pooled from five mice 2 months after irradiation with or without 5 cGy at 6 weeks of age. The number of nucleated cells was counted with a blood cell counter after treatment with Zap-oglobin-II reagent (Coulter-Scientific Japan Co. Ltd.) . Recipient mice (ten animals per one cell-suspension sample) were exposed to 9.0 Gy about 24 hrs before i . v. injection with appropriately diluted donor bone marrow cells. The number of nodules on the spleens was counted macroscopically 9 days later following fixation with Bouin's solution. Spleen colonies of mice which were not injected with bone marrow cells were also counted for a base line value. The values were expressed as the average-LSE. 
RESULTS
Survival studies
The 30-day survival rates in mice exposed to 7.75 Gy, two months after low dose X-rays, were examined repeatedly.
In the first experiment, the animals were irradiated with a single low dose of 5, 10, 15 or 5 cGy three times. Figure 1 shows that pre-irradiation with these doses resulted in an increase in the 30-day survival rates after the second 7. The splenic colonies of recipient mice were counted nine days after exposure to 9.0 Gy. Base line value of the recipient mice (0.8 per spleen, n=17) which were not injected with bone marrow cells were subtracted from the observed counts of both groups. * Bone marrow cells from five donor mice were pooled for one sample. Details are in the text.
Effect of pre-irradiation on endogenous spleen colonies after exposure to 7 Gy The increase in the number of endogenous CFUs is reported to have a good correlation to the survival rate of mice after radioprotective treatment4). The endogenous spleen colonies reflect both CFUs before irradiation and recovery of CFUs after irradiation. The number of 9-day endogenous spleen colonies of mice exposed to 2.5, 5.0 or 10 cGy and again 2 months later to 7.0 Gy is shown in Table 2 . Pre-irradiation increased the number by factors of 1.3, 1.7 and 1.7 for the 2.5, 5.0 and 10 cGy groups, respectively.
CFUs two months after irradiation with 5 cGy
The numbers of bone marrow cells and CFUs per femur are shown in Tables 3 and 4 , respectively. Irradiation with 5 cGy, though the most efficient dose for increasing the survival rate, did not affect the numbers of either bone marrow cells and CFUs 2 months after the exposure. The result shows that CFUs in pre-irradiated group did not outnumber those in sham-irradiated control group at the time of the second irradiation.
DISCUSSION
In the present study we found that pre-irradiation with 5-10 cGy of X-rays significantly increased the 30-day survival rate after the second, 2 months later, sublethal X-irradiation in mice. The sublethally irradiated animals died on and after day 10, indicating that the mice were free from contamination with bacteria such as Pseudomonas aeruginosa which produce early death in irradiated animals 5, 6 ). This acquired radioresistance was reproducible. Pre-irradiation with a higher (15 cGy) or a lower (2.5 cGy) dose was less effective. Split dose exposure, 5 cGy three times at weekly intervals (total dose of 15 cGy), gave slight radioprotection while a single exposure to 15 cGy did not. The dose that produces an optimal effect was estimated to be between 5 to 10 cGy.
The mechanism of this acquired radioresistance was studied by measuring endo-CFUs (endogenous spleen colonies) and CFUs, since radiation-induced bone marrow death (death from injury of blood forming tissues resulted from ionizing radiation below 10 Gy) is closely related to thrombocytopenia7-9) and recovery of blood forming stem cells is thought to be essential in reducing the death rate. While the number of CFUs as well as cell counts in femoral bone marrow was not altered by pre-irradiation with 5 cGy, the number of endogenous spleen colonies after exposure to 7 Gy increased to about 1.7 times that of the sham-irradiated control group which had the same pre-irradiation dose (5 cGy). The increase in endo-CFUs after irradiation reflects either a large number of CFUs at the time of irradiation or stimulated recovery of CFUs after irradiation or both stimulations. From the experiments on CFUs and endo-CFUs, we conclude that pre-irradiation with 5 cGy might increase the survival rate by stimulating recovery of CFUs. One of the authors (Megumi et al.) reported that continuous administration of drinking water contaminated with low level 137Cs (0.004 µCi/ml) and 90Sr (0.001 ~tCi/ml) increased radioresistance in mice10). Though there were several deficiencies in the experimental conditions (e.g. more than 80% of the control mice died within 10 days after X-irradiation, probably brought about from contamination of mice with Pseudomonas bacteria), both external and internal exposure appear to result in a radioresistance.
A recent review introduced the concept of radiation hormesis" , i. e. effects unrelated to and unpredictable from the higher dose exposure experiences. From that definition, our finding might belong to one of the hormetic anomalies.
